There are several lines of evidence that point to a role of MAGUK proteins in determining the subcellular distribution of ion channels. In heterologous cells, PSD-95 mediates clustering of ion channels into raft-like structures (Kim et al., 1995 for localization of PSD-95. Can interaction with an ion
Introduction of GluR2 interacts with the PDZ domain-containing proteins ABP (Srivastava et al., 1998) and GRIP (Dong et
Immunolocalization studies have revealed that K ϩ chanal., 1997). Thus, the interaction of these channels with nels are expressed within neurons in a striking variety PDZ-containing proteins might be necessary for localof spatial distributions. Different K ϩ channels are localization. On the other hand, a separate study in transized in specific compartments within axons, dendrites, genic mice found that NR2 receptors with deleted C the cell body, or combinations of these areas (Sheng et termini did localize (Sprengel et al., 1998). al., 1992; Wang et al., 1994; Veh et al., 1995). In some One hypothesis is that MAGUK proteins provide signeurons, K ϩ channels are colocalized with PSD-95 (Kim nals that localize different ion channels to specific subet al., 1995), a protein purified from postsynaptic densicellular locations. An argument against this hypothesis ties that is a homolog of the Drosophila protein Discsis that Kv1.3 and Kv1.4, which have very different subcellarge (Dlg), (Cho et al., 1992). PSD-95 contains three lular localizations, will both bind PSD-95 in heterologous motifs known as PDZ domains that are approximately cells (Kim and Sheng, 1996) . This is not particularly 90 amino acids in length and were first identified in PSDstrong evidence, however, since it is not known which 95, Dlg, and ZO-1. In biochemical assays, PDZ domains MAGUK protein either channel binds in vivo. One way have been found to bind the C terminus of many chanof testing this hypothesis would be to eliminate MAGUK nels including outward (Kim et al., 1995) and inward proteins that interact with a particular channel and then rectifier K ϩ channels (Cohen et al., 1996), NMDA recepdetermine whether the channel could still localize. This tors (Kornau et al., 1995), and kainate receptors (Garcia is difficult in mammalian systems, because channels et al., 1998). The last four amino acids on the C termini can interact directly or indirectly (through other channel of these channels determine in large part which PDZ subunits) with a number of different MAGUK proteins, domains they bind ( for localization of PSD-95. Can interaction with an ion channel direct the localization of PSD-95? To address readily distinguished from dendrites by their length and orientation. The axons project away from the surface of this question, we cotransfected PSD-95 with an axonally localized K ϩ channel, Kv1.4, with which it has been the cortex in a direction 180 degrees from the apical dendrite and extend far beyond any of the dendrites. shown to interact in vitro. We found that PSD-95 was now localized in the axon as well as the dendrite, while Figure 1B shows a punctate pattern produced by PSD-95:GFP overlaid on the alkaline phosphatase image. We Kv1.4 was present mainly in the axon. These data support a model in which PSD-95 can be localized to speobtained similar patterns of expression of PSD-95:GFP when it was transfected alone, insuring that alkaline cific subcellular compartments by interactions via PDZ domains with ion channels and other membrane prophosphatase did not affect its expression (data not shown). One particularly conspicuous feature of the loteins.
calization of PSD-95:GFP is that it was virtually absent from the axon ( Figure 1D containing these deletions were no longer localized to experiments suggest that PSD-95:GFP is not significantly localized through interaction with endogenous any specific region (Figures 5A-5C ). We found that ⌬SH3.GKPSD-95:GFP clustered Kv1.4 following coex-PSD-95. They also suggest that palmitoylated residues on the N-terminal region, which are necessary for PSDpression of the two proteins in COS-7 cells (data not shown), indicating that ⌬SH3.GKPSD-95:GFP is proba-95 to associate with cell membranes and to interact with ion channels in vitro (Topinka and Bredt, 1998), are not bly a functional protein. When we deleted just the GK domain (⌬GKPSD-95:GFP), localization of PSD-95:GFP sufficient to mediate localization of PSD-95 to synapses. In order to investigate the degree of localization of was unaffected (Figures 5D-5F ). We were unable to test whether deleting the SH3 region (SH3, L1, and L2 dothe various deletion constructs, the intensity of PSD-95:GFP fluorescence was measured both at the puncta mains together) prevented PSD-95:GFP from localizing, because these constructs did not express. We conclude at the ends of dendritic spines and at points on the dendrite immediately adjacent to the spine. The ratio that the PDZ domains alone are not sufficient to localize PSD-95. The localization of PSD-95 is a complex process that is likely to include the transport and targeting of the protein individually and examined the effect on localization. Kim to a specific site, clustering with other proteins into an aggregate, and stabilization of that aggregate. Our experiments suggest that PSD-95:GFP must interact with a membrane protein via its PDZ domains to localize to postsynaptic sites and that Kv1.4 must interact with a MAGUK protein via its C terminus to localize to axons. They also suggest that Kv1.4 can localize PSD-95:GFP to the axon. The simplest interpretation of our results is that Kv1.4 contains a signal that specifies an axonal localization but that localization also requires a permissive signal from a MAGUK protein with which it interacts.
Localization of PSD-95:GFP to dendritic spines required the presence of the SH3 region in addition to a single PDZ domain. In this respect, PSD-95 is similar to the Drosophila MAGUK protein Discs-large, which requires a single PDZ domain and the HOOK region to localize to septate junctions in epithelial cells ( were measured along with the length from the center of the punctum to the center of the cell body. In the case of alkaline phosphatase, DNA Constructs the average intensity of Texas red fluorescence inside the same PSD-95:GFP was made as follows: EGFP (Clontech) was amplified circular area was measured along with the distance to the center by PCR so that three glycines, an EcoRI, and NheI site were added of the cell body at dendritic spines. In both cases, the average to its 5Ј end. It was then subcloned into the GW1-CMV expression background fluorescence was subtracted from each measurement. vector (British Biotechnology) at the EcoRI and BamH1 sites. The
In order to estimate the degree of localization of PSD-95:GFP following modifications from cycle 3 GFP (Crameri et al., 1996) were constructs, average fluorescence intensity was measured in puncta then made to EGFP (Clontech): 100 F to S, 154 M to T, and 164 V on dendritic spines and at points on the dendritic shaft immediately to A to give mEGFP. The myc-tagged PSD-95 construct used in adjacent to the puncta. At least 25 measurements were made and Hsueh et al. (1997), a gift from M. Sheng, was amplified by PCR so averaged together following subtraction of background for both that its 5Ј UT region was changed to GTC GCC ACC (ATG). It was spines and dendritic shafts. The ratio was then calculated and averthen subcloned into the GW1-mEGFP at HindIII and NheI sites so aged over five cells. In order to calculate a similar ratio for alkaline that the 3Ј-most amino acid was immediately adjacent to the glyphosphatase, Texas red fluorescence intensity was measured at cines at the 5Ј end of mEGFP. Each of the mutants with a single PDZ the identical points used to measure PSD-95:GFP. domain deleted was made in an identical manner using constructs obtained from M. Sheng (Hsueh et al., 1997) . ⌬PDZ1.3PSD-95, which
